
8 MQV— 4—9?3 TH II lS:ZR Ilua aSTRnNilMY TIFPT. 1=.G17

ON THE FLUX OF MH.LIMETNC  SPACE DEBIUS

R, M. CoMstcin S,J. Goldstein. Jr.
Jet Propulsion I.Axm+tnry Dept. of Astronomy
California Ins[itute of Technology University of Virginta
Pasadcm, CA 91109 Charlottesville. VA 22903

R e c e i v e d

Revised —.—

AHSTRACT

:n ~1.4 h~ur~ of zenith radar o~sp,~vaII~~s  oll ~ days at 8510 MHz,  wc fUUIId  831

particles with altitudes between 177 and 1662 km, From the duration  of the echoes

and the angular  size (,.o3o dc@  d the antenna beam 158 particles were identified aS

passing through the side. lobes  and nnt lhrou@l the main beam

Our analysis is based on the 674 particles that did not broaden rim beam. On the

assumptions mat these  piirtidm went through the main  beam, their radar cross sections

vary between ,02 and 260 rnrn2, and their radial velocities vary between ~700  m/see. If

they are conducting spheres, their diameters lie between 2 and 1 ~ mm. lf nor, they

must be larger. The flux of tksc particles, that is the number per krn2 day, was

determined in 1(MI km intewals. The maximum flux. 3.3 particles  per kn12 day, occurs

at 950 An-n rdtitude.

The srnidl WI large particles arc not wdl mixed. The largest patlicles occur

beyond 1001.t  km rind middle-sized panicles are mibsiug below 300 km. If the earth’s

atmosphere caused the smallest paltic.les  to 10.w energy from initial orbits idemical  10

tlwsc of lhe large particles, tlw orbits would have lower cccentricjty  at low altmwles.

We find a larger eccemdcity for Wc iuw panidcs,  and conclude that two or more

populations are present.

.
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1, gbserv atjons

Spaccdebris  isacomtantly  increasing  hayardfor  c~perations in space. For objects

lar~er  than abcm 10 cm, chc USSF’ACECOM  maintains a catilo~e  O! orbital elements.

Their data, obtained with longer wav&mgO] Jadars, relates to larger  scrde objects.

Stansbcry, et al. (1993) and Kessler (199”+) have used the 3,5 cm  Haystack radar to

gather statktks w smaller patticlcs  of debris. The Haystack radar can detect a 6 mm

metallic. sphere at a ran&e of 1000 km.

We report here on debris measurements made at the Je[ Propulsiuu Laboratory’s

GOklStWIC Observatory. Although the use of this facility for debris rncmito~ing  is very

limlted, the 3.5 cm radar CM dck~t 3 mm conducting spheres at a range of 1000 km.

This radar employs a 70 m paraholnid which ridlates apprcmhuiikly toward the zcnkh,

and a receiver mounted at the focus of a 35 m paraboloid displaccfl  497 m from [he

70 m antenna, The uansmit@l power varied bctwccn 400 and 466 kw and the

measured sys~m noise tempmtme was between 36 and 37 K oil the 4 nights of the

observations, Doth antennas are nominally directed to a poinl  1 (MM km above the

midpoint between them.  lle corresponding shift of each antenna from the zenith is

,016 deg, a value smaller than the beam wid[hs, .030 kg fw d)t 70 m telescope, .060

de.g for the 35m telescope. Neither antenna is designed to he pinted  accurately near

the zenith, and the ZIuIubeI’ of observed particles may be diminished near the inner

altitude limit by small pointing errors.

The transmitter is on for 1.4 msec while the freqwmcy increases linearly by 46.2

kHZ. Then it lurus off. There is a 0.2 msec dead time which allows the response

from local retlect.nrs in the antenna sidelubcs w die c)ut; then the rccciver is on for

10.0 msce. The transmitter is on again for 1.4 msec while the frequency decttascs

linearly  by 46.2 kHz.  Again the is 0.2 ms~c  of dead time followefi hy 1 ~.~ m~c of

the receiver rm. The receiver cenicr flequcncy is constant at 8510 MHz, and each

cycle lasts 23.2 msec (more. premcly, 23.167 msec).
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“I’hereceiver  provides  abascband  sigml from the receiving antermama 386

computer which also generates tile  modula~ing  wave for the transmitter, For each

receive  period, the computer performs a convolmmn and detection of the received

signals with a stored rcplim of the transmitted chirp. convolution is do~ with the

aid of the fast Fourier transform and a sigrtul  pmxssing  chip attached to the

computer,

Every 69,5 msec three cycles of filtered and detected outpurs  for both “up-chirp”

pukes and “down-chirp” pUISes  art! avurdgcd and transferred to the memory of the

host computer. The host computer searches ior pairs  of pulses greawr than 6.5 times

the rms rmisc Mcmnincd when no pulses me present. This threshold corresponds to

an average of one false alarm every 511 houis. When onc or more such pairs  pulses

are found, the host computer transfers to a pemlancnt  file five 69.5 mse~ pai[s

cenhmd  cm the largest pulse.

in Figure la we show wc such fiic, where the obscmd particle has passed

through the main beam and in Hlgure I b, an obserwuion where k lime duration

iudicatcs that the particles was observed in the antenna sidelobes.

The measured tirnt;  delays, as shown in [hc figure, depend on

flight and the Dopple~  shift  of the refkcting object according M

Tup = “r - + -r/ti

both the time-of-

1.)

(7)

In lhtx  equations T is the duration of the transmitted chirp, F is its freql]ency

excursion, T is the actual time deluy  of d]e echo,  and f is the Doppler shift. The
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time-uf-flight is obtained by adding  the two equations; the Doppler  shif[, by

subtracting them, For the wcakcsl  signals, the accuracy of the time of-flight

measurement is the reciprocal nt the chirp bandwicilh, and fur the Doppler measurement

it is the reciprocal of the chirp duration. This corresponds to a range uncercatmy of

:?.2 km and a velocity unxf  Udiury of 12 m/SCC. For the stronger signals, the accuracy

is much better.

For a particle in circular orbit about the earth, the time to move .030 deg is

1 = 8.2933 x 10 -4 r (r + 6372.0)1’2 (3)

where t is measured  in msec and r is tie ahimde in kIII. Accwding to this formula at

r = 977 km, t – 69.5 msec. Thus for altitude less than 977 km, a panicle’s response is

dimhlishcd  because the averaging process adds observations where the particle was not

in the. main beam of the antenna,

In the analysis of the next section We me tnrmula  (3) with its assumption of a

tircula~  orbit  to calculate a small correction for the reduction of the radars response

to nearby objects, caused by averaging iii lhc data reduction. Some small pWtiCkS are

lost when their response is averaged, and no correction can be made fur thtm

We note from TaMc 1 thnt,  in 21 .434h of observing, 831 particies  were  strong

enough to produce both “up” and ‘“duwu” whom at ltast 6.5 time the rms noise; and

that 1S8 of these could  be identified M mm~ide the main beam, Formula (3) LAS us

that at r = 50S km, t = 34,7 msec or 112 the averaging time. At this ai[ihlcte and

below we would not be able w identjfy a sizcable  fraction of particles that did not

en@r the main beam, In spite of [his shortcoming, we now cunsid,cr all of the

observations minus those that took too long to cross the beam, 674 in rmmher.

A second corrt!ctiw lM been applied because the two antenna beams are not

strictly parallel. ‘l’hey were set to intersec~  at an alti[udc d 1000 km, hence at both

higher and lower altitudes tie observed pourer is rnn IOW. The necessary correction is

the rtxip~ocal of the envelope of the smaller imlenna’s  beam.
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The measured radar cross sections A can bc converted to a diameter on the

assumption that the particles are conducting spheres that entered the main beam with

the formula .

D := (A~4#)l/6

For a few particles where D exceeds 7.93

D == (4A/7T)1’2

(4)

mm the formula is

(5)

Rayleigh (1888) derived equation (4) for conducting spheres, while equation (5) states

that the radar cross section is the geometrical cross section. We regard them as a

convenient method for compressing the wide range c)f A into a more convenient form.

The diameters we report here are a lower iimit, for two reasons. First, the

partk]es might not go through the ctmter of LIW ]nain antenna beam, so that the

power is diminished, and second, if L1w particles arc not conducting, they must then be

larger to reflect the same power.

TabIe 2 is a histogram that ckissifies W observations

Figure 2 gives the calculated diamclcrs for the main beam

gives their radial velocities.

2, Flux of SDace Debris Particles

in altitude and in diameter

parlicles, while Figure 3

In Table 3 we list for tie midpoints of the altitude intervals the area of the

region searched by the radar beam. Taking the beam to be circuIar with .030 deg

half-power width we found one dimension of the area from r (.030)T/ 180, while the\
other is the width of the altitude in[erval, 100 km, “lhe fluxes listed in Table 3 are,

in each size interval, the number of particles divided by the beam area and expressed

in units of number per km2 day. The right hand column is the total particle flux.

The observable diameter range is different in each altitude intervaI, because of the

decreasing sensitivity of tie radar with distance. I1{)wever,  the maximum flux at 950

km seems accompanied by lower fluxes at greater :md at lower altitudes.

If the distribution of particles were the same in cach size interval, we could make
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statis~ical  currcctkms to our .samplc to evaluate the observatioml “ inrfimpleteness”.

This is clearly not the case.

3. Ascarch for the Evolution of Prrrticle  {lrhits

In Figule  2 onc sees the effect of the finite sensitivity of our instrument in the

lowe.renvelnpe  of theplot@dpoiINs. FUI Lhclowcs  taltitudcs,  thcnon overlapping of

the two antenna beams must also etttct the number of panicles sew.

The largest pmticlcs in Figure 2 and Table 2 do not appear WJOW 1000 km and the

intermediate sized panicles arc akut below 400 km. These latter gaps cannot be

obsewational,  but indicate that the relevant panicles  are too rare M k tlclected  in

our 21,4 h observing time, and that  the population of particles is not well mixed. Note

that tie largest particles avoid the regions ot’ both smaller sized particlw,

Could it be that all these particles have evolved from a siugle dis~ibution  at large

distance, with drag caused  by the eanh’s atmosphere shrinking the orbits of the

smaller particles w their present value? Scc Smart (1953). To answer  this question

we have ~pplied  the least-square method of estimating CWCULL  ici~ and semi major axis.

A particle that obeys all three of Kepler’s laws hrIS semi major axis a and eccemricity

e dial obey the equation

a2(l  -e~/r2-t-  ii (#/GM-2/r) I 1 = O (6)

where r is the parti.c.le’s radius vector (the altitude plus dIc radius of the earth), ~ is

the radial velocity toward  the primary, and GM the geocentric gravitational constant.

See (G&G. 1994). Wc divided tic main-beam observations into five groups according to

distance in ‘l’able 4 and calculated a best-fitting ecccuctici[y  and semi major axis for

each group. The uncertainties in 2 and Q in “Pitde  4 fire calculated as foilows: the

least-squares values  of a and q arc pu-mrbed by amounts Qa and&e such that the

residuals are increzsed by 1/ k-2 where k is die nuinber of observed particles. The

closed curve, ~ a vs ~e, is p!otted  and the tmgents perpendicular to ihc ~ a

axis yield the uncertainty in q while those perpendicular to the & axis give the
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mmalainties in ~. Figure 4 shows the Lla vs ~e curves for all five groups.

A Keplerian  particle that receives an impulsive fwcc at pcricentcr changes both

semi major axis g and eccentricitys  according to the fnrmula

(7)

In Table 4 we see that decreases in g are not accompanied by decreaw  in e. For the

Jowest range interval there seems 10 be a significant incrcasc  in Q.

It follows that these orbits did nnt evolve from a single outer distribution, and that

there are at least two distributions present in the space debris.

4- IUCUWQn

The range of observable particles is critically dcpendenl on k modulation pattern

and the data reduction scheme used. Thus, our observations do not mle out tie

exis[ence of murc distant particles than 1660 km or less distant particles tlart  177 km;

further particles in orbit about the sun (,inswul of lhc calth) would likely  have

velocities too large to make both up pLdses ml down pulses simultaneously ubscrvi.hlc;

hence, if they exist, they were excluded by our data reduction.

‘l’he existence of multiple populations prcvcm correcting the observations as

Schmidt (1968) corrected the population N qlmws. 1s, the decrease in particle flux

bcyuud  950 km real? From Fig. 2 at n range of 1200 km you can see that numerous

particle.~  of 3 tnm diameter are observiddc,  but d]at particles in the range 4 to 8 mm

are acme. Observational selection cannot. cause this scarcity, it is real.

Mcasuementa  from space or from the ground at lower latitudes can e.xtemt  mlr

knowledge of space debris to orbih wilh lwwt inclination angles. The space debris we

have observed at latitude 35.2 fieg must have inclination angles cqutil  cu greater than

35.2 deg. Our flux values are therefore lower limits to thow which occur in the

earth’s equatorial phmc.

Multiple populations tell us [ha[ in addilim  w man-made particles, there may also

be natural particles.
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‘fABLE 1. TIMES OF OBSERVATIONS (UTC)

Date First Last Duration Total Number in Rate
Observ, Observ. (hours) Number Main Beam (events/hr)

1993 May 4 gh56m37s 13h49tl136s 3.883 131 108 27.8

1993 Jun 11 81011 111653 3.112 83 64 20.6

1993 Dec 22 51636 132452 8.138 350 278 34.2

1994 Mar 26 43153 104957 6’301 ~ m 35.4L.

21.434 831 673

. . . . . . . . . . . . . . . . . . . . . ,,, --- .----  —., .-.

TABLE 2, DIAMETER VS. ALTITUDE HIS’TOGRAM

Midpoint
(km)

238
350
450
550
650
750
850
950

1050
1150
1250
1350
1450
1550
1650

Number vs4d$meter (81&)
2-4 -

17
13.
:;
45
48
66
77
34
28
15
11

3
5
0

72
21
22
12
10
29
12
4

0
0
0
0
0
0
0
0
2
2
2 .
;

:
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Midpoint
(km)

238
350
450
S50
650
:;:

950
1050
1150
1250
1350
1450
1550
1650

..__. ——— ,...—-. —--

TABLE 3. PAK1’ICI.E FLUX VS DIAMETER

Bca area
‘Y(km )

1S.36
18,33
23.56
28.80
34.03
39.27
44.51
49,74
54.98
60.21
65.45
70.69
75.92
81.16
86.39

Nun]ber
(all sizes)

17
13

::
52
62
105
149
57
52
29
23
35
19
4

TABLE 4. LEAST-SQUARE SEM1-MAJW AXES AND
ALTITUDE RANGES

1=. fa2

Flux
(numkn2 day)

1.24
0.80
0.76
1,60
1.71
1,77
2.65
3.36
1.16
0.97
0,50
0.36
0.52
0,26
0.05

ECCENTMCITIES FOR VARIOUS

~.~de Range Number of Particles e
&n)

700-1100 373

1100-1400 7587::::
+ .0082

104 “0273 ..oogg

1400-1662 58
,937+450

-440 .0309: ;:;;;
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TAIILE4. LEAST

Altitude Range
(km)

177-500

500-700

700-1100

1100-1400

1400-1662

SQUARE SEMI-MAJOR AXF.S AND ECCENTMCITI~ FOR VAMOUS
ALTITUDE RANGES
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